Introduction {#Sec1}
============

Directed evolution constitutes a powerful method for engineering essentially any property of an enzyme, including thermostability, substrate acceptance, and enantioselectivity, as documented by recent reviews (Arndt and Müller [@CR1]; Arnold and Georgiou [@CR2]; Brakmann and Schwienhorst [@CR6]; Hibbert et al. [@CR13]; Rubin-Pitel and Zhao [@CR35]; Reetz [@CR27]; Bershtein and Tawfik [@CR5]). It is based on the appropriate combination of gene mutagenesis and expression coupled with high-throughput screening or selection. A variety of mutagenesis techniques have been devised, the most often used methods being error-prone polymerase chain reaction (epPCR; Leung et al. [@CR17]; Cadwell and Joyce [@CR7]), saturation mutagenesis (Georgescu et al. [@CR12]; Hogrefe et al. [@CR14]; Kirsch and Joly [@CR16]; Zheng et al. [@CR42]), and DNA shuffling (Stemmer [@CR37]). Although the success of these studies is indisputable, the quest to make directed evolution more efficient than in the past is the major current challenge (Lutz and Patrick [@CR22]; Fox and Huisman [@CR10]; Reetz [@CR26]; Reetz et al. [@CR30]). The basic goal is to improve the quality of enzyme libraries to such an extent that the screening effort (Reymond [@CR34]) can be reduced significantly because this is generally the bottleneck of directed evolution.

To this end, we have proposed and implemented iterative saturation mutagenesis (ISM) as a general approach which comes closer to the above goal (Reetz et al. [@CR31]; Reetz et al. [@CR32]; Reetz and Carballeira [@CR28]). The concept of ISM can be used to influence very different catalytic properties of an enzyme, such as thermostability in the form of B-FIT (Reetz et al. [@CR31]; Reetz and Carballeira [@CR28]) or substrate acceptance and enantioselectivity using CASTing (Reetz et al. [@CR32]; Bartsch et al. [@CR4]; Liang et al. [@CR19]). Based on structural information of the enzyme and by focusing on positions expected to be crucial for a given catalytic property, several sites, composed of one or more residues, can be selected and randomized.

Saturation mutagenesis can be performed by applying a variety of different molecular biological methods developed during the past two decades (Arndt and Müller [@CR1]; Dominy and Andrews [@CR9]; Georgescu et al. [@CR12]; Hogrefe et al. [@CR14]; Kirsch and Joly [@CR16]; Zheng et al. [@CR42]; Reetz [@CR26]). Currently, the most popular approach is the use of the Stratagene QuikChange™ protocol (Hogrefe et al. [@CR14]). The original form of QuikChange™ is limited to the introduction of only one mutation at a given amino acid position. Moreover, problems related to the primer length and design also persist. Different approaches have been reported which overcome the problem of primer design by using partially overlapped (Zheng et al. [@CR42]) or even nonoverlapping oligonucleotides (Kirsch and Joly [@CR16]), where the resulting amplicon is used as a megaprimer (Sarkar and Sommer [@CR36]; Miyazaki and Takenouchi [@CR23]), thereby completing the synthesis of the plasmid in a second PCR. However, we encountered difficulties in the application of these methods to certain recalcitrant targets such as plasmids containing *P450-bm3* from *Bacillus megaterium* and *Pseudomonas aeruginosa* lipase A genes. In such cases, the amplification and the subsequent introduction of mutations proved to be unsuccessful.

Given the importance of saturation mutagenesis in enzyme evolution (Reetz [@CR26]; Reetz [@CR27]), any substantial simplification and/or extension of existing protocols would be of great interest. Here, we present an improved method to perform saturation mutagenesis in the gene of difficult-to-amplify templates using a single two-stage whole-plasmid PCR.

In the first stage of the PCR, two mutagenic primers or a mutagenic primer and an antiprimer (a non-mutagenic (silent) primer used to complete the complementary extension as well as to help in opening and uncoiling the DNA) are used for only a few cycles which are needed to generate the megaprimer. Once the megaprimer is generated, the second stage begins in which the annealing temperature is increased to eliminate priming by the oligonucleotide primers, and a further 20 cycles are carried out to amplify the mutated plasmid (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Reaction scheme with variation of the antiprimer position. The gene is represented in *blue*, the vector backbone in *gray*, and the formed megaprimer in *black*. In the first stage of the PCR, both the mutagenic primer (positions randomized represented by a *red square*) and the antiprimer (or another mutagenic primer, shown to the *right*) anneal to the template and the amplified sequence is used as a megaprimer in the second stage. Finally, the template plasmids are digested using *Dpn*I, and the resulting library is transformed in bacteria. The scheme to the *left of the figure* illustrates the three possible options in the choice of the megaprimer size for a single site randomization experiment. The scheme to the *right* represents an experiment with two sites simultaneously randomized

This procedure is an extension of the method proposed by Kirsch and Joly, modified to work not only on the complicated templates mentioned above but also on any template as an alternative to standard techniques and especially in cases where QuikChange™ fails. Recently, Tseng et al. ([@CR40]) published a note on related work, also based on the work of Kirsch and Joly, while we were finalizing our experiments. Our findings broadly agree with their results, but our method probes further into the possible uses of this approach, as in saturation mutagenesis at multiple sites and more importantly into the quality of the resulting libraries. We demonstrate that optimal primer localization and orientation are essential to increase the yield in the amplification of these difficult sequences. Additionally, this method intrinsically avoids problems arising from palindromes, hairpins or self-pairing in oligonucleotides that plague other methods based on overlapping primers.

Materials and methods {#Sec2}
=====================

General information {#Sec3}
-------------------

Plasmids pETM11-P450-BM3 (8474 bp), pUCPCL6AN (6994 bp; Jaeger et al. [@CR15]), pETM11-CALB (6282 bp), and pQE-ANEH (4631 bp; Cedrone et al. [@CR8]) were used as templates to create saturation mutagenesis libraries. The *P450*-*bm3* gene from *B. megaterium* (Narhi and Fulco [@CR24]) was PCR amplified from genomic DNA (ATCC 14581/strain No. 32 at DSMZ GmbH, Germany) and cloned into the expression vector pETM11 (EMBL vector collection, Germany) using the *Nco*I and *Sac*I restriction sites. The *calB* gene from *Candida antarctica* was PCR amplified from genomic DNA (ATCC 32657 at DSMZ GmbH, Germany) and cloned into the expression vector pETM11 (EMBL vector collection, Germany) using the *Nco*I and *Not*I restriction sites.

All degenerate oligonucleotides (see Table [1](#Tab1){ref-type="table"} for more details) were synthesized by Invitrogen (Germany). PCR amplifications were carried out with KOD Hot Start DNA polymerase (Novagen, USA) and digested with *Dpn*I (New England Biolabs, UK). The sequencing was performed on plasmid DNA extracted from pooled colonies using QIAprep Miniprep Kit (Qiagen, Germany). All transformations were carried out with the same batch of homemade *Escherichia coli* DH5α chemocompetent cells according to a standard protocol. 1 kb DNA ladder was obtained from Fermentas. Table 1Sequences and *T* ~m~ values of the oligonucleotides used in this work. The mutagenic bases are italicizedPrimerSequence*T* ~m~ ^a^ (°C)F87NNKF5′-GCAGGAGACGGGTTA*NNK*ACAAGCTGGACGCATG-3′64F87NNKR5′-CATGCGTCCAGCTTGT*MNN*TAACCCGTCTCCTGC-3′64T7-highTm5′-GATCCCGCGAAATTAATACGACTCACTATAGGG-3′58REYF87fw5′-GACGGGTTA*NNK*ACAAGCTGGACGCATG-3′58REYF87rv5′-CCAGCTTGT*MNN*TAACCCGTCTCCTGC-3′58REYLibCfw5′-GATGAAGCA*NNT*AACAAG*NNT*CAGCGAGCAAATCCAG-3′60REYLibCrv5′-TTGCTCGCTG*ANN*CTTGTT*ANN*TGCTTCATCCAGCTTG-3′62T7Tfw5′-CCGCTGAGCAATAACTAGC-3′46AntiF87fw5′-TCTGACCATCTCATCTGTAACATCATTGGCAAC-3′57LibC-rv25′-TGCTCGCTG*ANN*CTTGTT*ANN*TGCTTCATCCAG-3′59AntiLibC-fw5′-GGATCTTCTTGAGATCCTTTTTTTCTGCGC-3′55M16-L17 NNK-PAL-F5′-CTGGCCCACGGC*NNKNNK*GGCTTCGACAAC-3′65M16-L17 NNK-PAL-R5′-GTTGTCGAAGCC*MNNMNN*GCCGTGGGCCAG-3′65ReyM16L17-F5′-CACGGC*NNKNNK*GGCTTCGACAACATC-3′59ReyM16L17-R5′-GAAGCC*MNNMNN*GCCGTGGGCCAGCAC-3′64Antiprimer1-PAL-F5′-CCAGTCACGACGTTGTAAAACGACGGCCAGTGAG-3′63Antiprimer1-PAL-R5′-CTCACTGGCCGTCGTTTTACAACGTCGTGACTGG-3′63Antiprimer2-PAL-F5′-CCGCGAGACCCACGCTCACCGGCTCC-3′65Antiprimer2-PAL-R5′-GGAGCCGGTGAGCGTGGGTCTCGCGG-3′65Antiprimer3-PAL-F5′-GCCAGCAGCCTCCGCGGGAGAAGCGGT-3′65Antiprimer3-PAL-R5′-ACCGCTTCTCCCGCGGAGGCTGCTGGC-3′65CALB104-NDT-F5′-CTTCCCGTGCTCACC*NDT*TCCCAGGGTGGTCTG-3′65CALB47-NDT-R5′-CCAGTTCGAGTCGAA*AHN*CTGTGGACCTGTGGT-3′62BWT-F5′-CGGTTCATTTGAAC*CTG*TGC*GCA*ATG*AGG*GCTCCCCCTGAG-3′67BWT-R5′-CTCAGGGGGAGC*CCT*CAT*TGC*GCA*CAG*GTTCAAATGAACCG-3′67PRI B2-R5′-CTCAGGGGGAGC*GTC*CAT*ATT*GCA*GGG*GTTCAAATGAACCG-3′66PRI B3-R5′-CTCAGGGGGAGC*ACT*CAT*ATT*GCA*GCC*GTTCAAATGAACCG-3′65SP1-F5′-GCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAG-3′66Degeneracy alphabet: N = (A, T, C, G); K = (T, G); M = (A, C); D = (A, T, G); H = (A, T, C)^a^*T* ~m~ values were provided by Invitrogen; 50 mM Na^+^

Method of QuikChange™ {#Sec4}
---------------------

The reactions were performed in a total volume of 50 μl, and the reaction mixtures were prepared according to the QuikChange™ protocol, using 50 ng of template. PCR conditions were: initial denaturation 3 min at 95 °C followed by 16 cycles of 1 min at 95 °C, 1 min of annealing at the required temperature (*T* ~m~--5 °C), 1 min/kb of extension at 72 °C; and 2 min/kb of final extension (Table [1](#Tab1){ref-type="table"}). To remove template plasmid, PCR amplified mixtures were digested with *Dpn*I (20 U, 10× D*pn*I buffer) for 1 h at 37 °C, after which another aliquot of *Dpn*I (20 U) was added and digestion continued for 1 h more. A 2-μl aliquot was used to transform *E. coli* DH5α. As *P. aeruginosa* lacks the *Dam* methylation system (Stover et al. [@CR38]), the PCR template used in this protocol had to be obtained from *E. coli* in order to be recognized by *Dpn*I.

Method of Kirsch and Joly {#Sec5}
-------------------------

The method reported by Kirsch and Joly ([@CR16]) was applied as described by the authors. This called for 50 ng of template to be mixed with 12.5 pmol of each oligonucleotide in a 50-μl reaction. The amplification program was as follows: initial denaturation 3 min at 95 °C followed by 9 cycles of 30 s at 95 °C, annealing 1 min at 55 °C, extension 1 min at 68 °C, with a further 9 cycles of 30 s at 95 °C, extension 6 min at 68 °C; and final extension 16 min at 68 °C. PCR-amplified reaction mixtures were digested with *Dpn*I and transformed in *E. coli* as described above.

Method of Zheng {#Sec6}
---------------

The method reported by Zheng et al. ([@CR42]) was carried out using 50 ng of template and 12.5 pmol of each oligonucleotide in a 50 μl reaction. PCR cycle conditions were: initial denaturation 3 min at 94 °C followed by 16 cycles of 1 min at 94 °C, annealing 1 min at 52 °C, extension 1 min/kb at 68 °C; and final extension 1 h at 68 °C. *Dpn*I digestion and transformation were performed as described above.

Improved method of the present study {#Sec7}
------------------------------------

The sequence of the antiprimers was designed to amplify megaprimers of different lengths: small, with the antiprimer annealing site close to the open reading frame; medium, with the annealing site that gives a megaprimer encompassing half length of the plasmid; and large, with the annealing site giving the whole plasmid minus a small part of the gene. The sequence of each antiprimer was adjusted to have an identical or similar *T* ~m~ value as the mutagenic oligonucleotide used to produce the library. The reactions were performed in a final volume of 50 μl containing 50--100 ng of template and 5 pmol of each primer. The amplification program was as follows: initial denaturation 3 min at 95 °C (for *P. aeruginosa lipA* template, 5 min at 98 °C) followed by 5 cycles of 30 s at 95 °C, annealing 1 min at 55 °C (this parameter depend on the *T* ~m~ of the oligonucleotides used, and in all cases a gradient PCR was performed), extension 1 min/kb according to the megaprimer size at 72 °C. The second stage consisted of 20 cycles of 30 s at 95 °C and extension at 1 min/kb of template at 68 °C; and a final extension of 2 min/kb of template at 68 °C. For each reaction, *Dpn*I digestion and transformation were performed as described above.

Results {#Sec8}
=======

Experiments with the *P450*-*bm3* gene {#Sec9}
--------------------------------------

Here, we use our method for the introduction of 1- and 2-codon mutations in the *P450*-*bm3* gene cloned in pETM11. We first applied it to the site saturation mutagenesis of position F87 (one codon, NNK randomization; Table [2](#Tab2){ref-type="table"}). The yields of the amplification were analyzed by agarose gel electrophoresis (Fig. [2](#Fig2){ref-type="fig"}). The QuikChange™ protocol gave an average of 80 colonies (see experimental procedures in "[Materials and methods](#Sec2){ref-type="sec"}" for details). This result was 3.5-fold better than both the Kirsch and Joly method and the Zheng et al. method (28 and 23 colonies, respectively). The application of our method gave significantly different results with respect to the size of the generated megaprimer. In the above case, the medium-sized megaprimer gave results comparable to QuikChange™ with 71 colonies. The small-sized megaprimer yielded 168 colonies, which are 2.5-fold better. Ultimately, the generation of the large megaprimer gave the best results with more than 200 colonies. This is almost one order of magnitude more than the Kirsch and Joly and Zheng et al. methods and over threefold greater compared to QuikChange™. Fig. 2Agarose gel analysis of the PCR amplification of pETM11-P450-BM3 (8474 bp) after *Dpn*I digestion using the different protocols. *Lanes 1* to *6* are F87 randomization experiments. *Lanes 7* to *10* are M185/L188 simultaneous randomization experiments. *1* QuikChange™ protocol; *2* Kirsch and Joly protocol; *3* and *7* Zheng et al. protocol; *4* and *8* our protocol with small megaprimer; *5* and *9* our protocol with medium megaprimer; *6* and *10* our protocol with large megaprimer; *M* 1 kb DNA ladder standard (Fermentas) Table 2Saturation mutagenesis of pETM11-P450-BM3 using different methodsProtocolPrimer combinationMegaprimer size (bp)Number of coloniesQuikChange™F87NNKF/F87NNKR×80Kirsch-JolyT7-highTM/F87NNKR∼45028Zheng et al. one siteREYF87fw/REYF87rv×23Zheng et al. two sitesREYLibCfw/REYLibCrv×38One site librarySmall megaprimerT7-highTM/F87NNKR∼450168Medium megaprimerAntiF87fw/F87NNKR∼425071Large megaprimerT7Tfw/F87NNKR∼5500202Two sites librarySmall megaprimerT7-highTM/LibC-rv2∼75015Medium megaprimerAntiLibC-fw/LibC-rv2∼425037Large megaprimerT7Tfw/LibC-rv2∼5200245For the negative control, no primers were added and no colonies were observed in the selection plates after *Dpn*I digestion. The number of colonies represents the average of three separate experiments

The randomization frequencies at position F87 were assessed for each protocol. The inserts harbored the desired NNK randomization in that position. The statistical distribution of the different nucleotides, assuming complete randomization, should have been 25% of each nucleotide for the first two positions and 50% (only T and G are expected) for the third nucleotide in the codon. However, the observed distribution was different with respect to the protocol used (Table [3](#Tab3){ref-type="table"}). When QuikChange™ was used for F87 saturation, the wild-type TTT codon was only partially randomized since it turned out that all three deoxythymidines were highly conserved (from 67% to 83% conservation for individual nucleotides). When the Kirsch and Joly protocol was used, the native codon was less conserved (from 60% to 72% conservation for individual nucleotides). With our method, the randomization was more efficient (large megaprimer), reaching around 50% for the whole codon. Table 3Selected randomization frequencies of each nucleotide at position encoding F87 in pETM11-P450-BM3ProtocolPositionOccurrence (%)NucleotideWild-type nucleotideTTTQuikChange™F87**716783**T91114G1532C5191AKirsch-JolyF87**606172**T102618G1934C10106AImproved Method (Large megaprimer)F87**515252**T162645G16102C16131AOccurrence frequencies were estimated according to signal amplitude at each position from sequencing chromatogram (three independent experiments). The statistical distribution of the different nucleotides, assuming complete randomization, should be 25% of each nucleotide for the first two positions and 50% (only T and G are expected) for the third nucleotide in the codon. The sequencing was performed using a pool of all the obtained transformants in each experiment

We further extended our method to the simultaneous randomization of two codons corresponding to positions M185 and L188 in P450-BM3. In this part of the study, we compared our improved method with the Zheng et al. method (Table [2](#Tab2){ref-type="table"}). Around 40 colonies were obtained on average with the Zheng et al. protocol. Our method yielded 15 colonies with the small- and 37 colonies with the medium-sized megaprimers. Furthermore, the generation of the large megaprimer gave 245 colonies after transformation. This result demonstrates that even for randomization at two positions, our method is 6.5-fold more efficient than the previously published protocol by Zheng et al.

Sequencing performed on the plasmid DNA confirmed that the wild-type codons at positions M185 and L188 were substituted by two NNK randomized codons. As with position F87, similar randomization efficiency was obtained for the simultaneous saturation of M185 and L188 where the Zheng et al. protocol generated conservation rates from 39% to 79% for individual nucleotides, while our method (large megaprimer) gave rates ranging from 39% to 53% for individual nucleotides (Table [4](#Tab4){ref-type="table"}). The latter results demonstrate that this method never underperformed the existing mutagenesis strategies and is more efficient in almost every case. Table 4Selected randomization frequencies of each nucleotide at positions encoding for M185 and L188 in pETM11-P450-BM3ProtocolPositionOccurrence (%)Nucleotide**Wild-type nucleotideATG**Zheng et al.M1859**58**20T326**79**G30101C**58**60A**Wild-type nucleotideTTG**L188**3969**29T4711**71**G1400C0200A**Wild-type nucleotideATG**Improved MethodM18510**50**50T(Large megaprimer)1023**50**G27180C**53**90A**Wild-type nucleotideTTG**L188**3944**50T129**50**G24160C24310AOccurrence frequencies were estimated using the relative signal amplitudes at each position from sequencing chromatogram. The statistical distribution of the different nucleotides, assuming complete randomization, should be 25% of each nucleotide for the first two positions and 50% (only T and G are expected) for the third nucleotide in the codon. The sequencing was performed using a pool of all the obtained transformants in each experiment. Wild type nucleotide occurrences are emphasized with bold type

Experiments with *P. aeruginosa lipase A* gene {#Sec10}
----------------------------------------------

Site-saturation mutagenesis was also performed at two adjacent positions in the same oligonucleotide in the *lipA* gene of *P. aeruginosa* PAO1 (accession number X63390). The yields of amplification were analyzed by agarose gel electrophoresis (Fig. [3](#Fig3){ref-type="fig"}). One oligonucleotide for the library and different antiprimers annealing outside the cloning site were used (Fig. [4](#Fig4){ref-type="fig"}). Fig. 3Gel electrophoresis of saturation mutagenesis reactions using pUCPCL6AN (6994 bp) after *Dpn*I digestion containing the *lipA* gene from *P. aeruginosa* as template. *Lane 1* small-sized megaprimer, clockwise; *lane 2* medium-sized megaprimer, clockwise; *lane 3* large-sized megaprimer, clockwise; *lane M* 1 kb DNA ladder standard (Fermentas); *lane 4* small-sized megaprimer, anticlockwise; *lane 5* medium-sized megaprimer, anticlockwise; *lane 6* large-sized megaprimer, anticlockwise Fig. 4Our method applied to a plasmid template containing *P. aeruginosa lipA* gene (pUCPCL6AN). Different positions and orientations of the antiprimers were tried for the amplification of megaprimers both in the clockwise (**a**) and anticlockwise (**b**) directions. These different positions and directions encompass regions of the plasmid with differing GC content. Note that the mutagenic primer and only one of the antiprimers are used in each experiment

The three amplification reactions were each carried out with the two possible directionalities. Firstly, three PCR reactions were performed using the forward mutagenic primer and a different reverse antiprimer in each one to produce megaprimers, (small, medium, and large size, respectively) clockwise (CW) with respect to *lipA* gene (Fig. [4](#Fig4){ref-type="fig"}a). Secondly, we used the reverse complementary primers: reverse mutagenic primer and forward antiprimers to synthesize the anticlockwise (ACW) megaprimers (small, medium, and large) with respect to *lipA* gene (Fig. [4](#Fig4){ref-type="fig"}b). The results from these experiments were compared with other protocols described for site-directed and saturation mutagenesis (Table [5](#Tab5){ref-type="table"}). Table 5Saturation mutagenesis of *lipA* gene of *P. aeruginosa* in pUCPCL6AN plasmid using different methodsProtocolPrimer combinationMegaprimer size (bp)Number colonies%GC^a^QuikChange™M16-L17NNK-PAL-F M16-L17NNK-PAL-R×0Kirsch--JolyM16-L17NNK-PAL-R Antiprimer1-PAL-F330060.91Zheng et al.ReyM16L17-F ReyM16L17-R×5 ± 2Improved methodSmall megaprimer-CWM16-L17NNK-PAL-F Antiprimer3-PAL-R10327 ± 267.83Medium megaprimer-CWM16-L17NNK-PAL-F Antiprimer2-PAL-R3557277 ± 1162.30Large megaprimer-CWM16-L17NNK-PAL-F Antiprimer1-PAL-R67257 ± 357.58Improved MethodSmall megaprimer-ACWM16-L17NNK-PAL-R Antiprimer1-PAL-F330060.91Medium megaprimer-ACWM16-L17NNK-PAL-R Antiprimer2-PAL-F349017 ± 1553.24Large megaprimer-ACWM16-L17NNK-PAL-R Antiprimer3-PAL-F601623 ± 2056.08For the negative control, no primers were added and no colonies were observed in the selection plates after *Dpn*I digestion. The number of colonies represents the average of three independent experiments. QuikChange™ method has been tried with several PCR enhancers and in many different conditions with the same negative results.^a^GC content of the formed megaprimer

The standard QuikChange™ and the Kirsch and Joly methods failed to amplify the plasmid, and no colonies were found after transformations. Implementation of the Zheng et al. method to this template yielded only five colonies. On the other hand, the yields from the application of our method were extremely variable depending on the size and position of the megaprimers. The small megaprimers were successfully amplified in both directions in spite of the differences in GC content between these two fragments (Table [5](#Tab5){ref-type="table"}, Fig. [3](#Fig3){ref-type="fig"}: lanes 1 and 4). Nevertheless, no colonies were obtained after transformation with the small ACW megaprimer and only seven in the case of small CW megaprimer, showing that the whole plasmid PCR was not completely accomplished. The yield was slightly increased when the medium and large megaprimers were produced in the anticlockwise direction, giving almost the same number of colonies as the Zheng et al. method. However, it was with the medium-sized clockwise megaprimer that we achieved the best result with 277 colonies: an improvement of more than 55-fold with respect to the Zheng et al. method. The quality of these libraries was determined by sequencing the PCR products before transformation: they showed the expected degeneracy at the mutated positions.

Experiments with the *Candida antarctica* lipase B and *Aspergillus niger* epoxide hydrolase genes {#Sec11}
--------------------------------------------------------------------------------------------------

In order to further demonstrate the broad applicability of this method, we introduced site-directed mutations and saturation mutagenesis in two different templates. The first example is the application of our method to *C. antarctica* lipase B, cloned in pETM11 plasmid. Here, we attempted to perform site-saturation mutagenesis at two distant positions simultaneously in a single PCR. These two positions, separated by 171 bp, were successfully randomized giving a high quality saturation mutagenesis library (data not shown) and yielding an average of 400 colonies after transformation of *Dpn*I digested reactions.

The second example utilizes the gene of *A. niger* epoxide hydrolase cloned in the pQE vector (Cedrone et al. [@CR8]). Our improved method was successfully applied in the case of site-directed mutagenesis or saturation mutagenesis in regions where the restricted possibilities of primer design given by QuikChange™ force the inclusion of sequences that contain palindromes or overlapping regions (oligonucleotides BWT-F, BWT-R, PRI B2-R, PRI B3-R; Table [6](#Tab6){ref-type="table"}). The problem was easily solved by the selection of a reverse antiprimer outside of the gene (SP1-F), in an area free of those inconveniences, with a similar *T* ~m~ as the forward mutagenic primer. The application of our method resulted in a high percentage of the expected mutants and insertions were never observed (Table [6](#Tab6){ref-type="table"}). Table 6Overcoming problems due to palindromic sequencesMethodPrimer forwardPalindromes/repeatsPrimer reversePalindromes/repeatsTr.1st Seq.2nd Seq.3rd Seq.QCBWT-FTGCGCA/CCCCCBWT-RTGCGCA/GGGGG45DIIIMSP1-F×BWT-RTGCGCA/GGGGG202OKOKOKIMSP1-F×PRI B2-R×/GGGGG + GGGG378OKOKOKIMSP1-F×PRI B3-R×/GGGGG649OKOKOKQuikChange™ and our improved method applied to introduce site-directed mutagenesis in the gene of *A. niger* epoxide hydrolase cloned in the pQE vector (pQE-ANEH plasmid, mutant XM10). Although pQE-ANEH is easily amplified by QuikChange™, mutations in this specific target region are difficult to achieve due to the presence of palindromes or repetitions in its sequence. The problem is solved by using IM (see main text).*QC* QuikChange™, *IM* improved method, *BWT*-*F*, *BWT*-*R*, *PRI B2*-*R*, *PRI B3*-*R* mutagenic primers, *SP1* silent helper primer (for sequences see Table [1](#Tab1){ref-type="table"}), *Tr*. number of obtained transformants, *Seq*. results of the sequences of the three first randomly chosen colonies, *D* deletion of nucleotides inside or around the mutated region, *I* insertion of nucleotides inside or around the mutated region

Discussion {#Sec12}
==========

The previously reported method of Kirsch and Joly ([@CR16]) is essentially a combination of QuikChange™ (Stratagene, La Jolla, CA, USA) and megaprimer (Sarkar and Sommer [@CR36]) leading to one-step PCR mutagenesis. In our extension of this protocol, we applied saturation mutagenesis at specific residues using modified oligonucleotide concentrations and annealing cycles in order to increase the yield of the final product. Furthermore, we compared different annealing positions of the helper oligonucleotide---called the antiprimer---which can be silent or mutagenic, obtaining different megaprimer sizes.

During the first stage of PCR, the megaprimer is generated by amplifying the region between the two oligonucleotide primers. Contrary to what was reported by Kirsch and Joly (same number of cycles per stage), we suggest a drastic reduction in the number of cycles during the first stage. When we have tried the Kirsch and Joly method in our systems, overproduction of megaprimer was observed in the exponential stage. As a result, in the second or linear stage, megaprimers self anneal leading to unproductive complexes. A reduced amount of oligonucleotides (5 pmol) in the PCR reaction, an increased amount of template and only 3 to 5 cycles, enhance the yield of the final plasmid library (Fig. [5](#Fig5){ref-type="fig"}). Fig. 5Recommended working conditions. The amount of template and oligonucleotides are given for 50 μl of reaction mixture. The figure also depicts the three possible choices in the election of the antiprimer position

We applied our method in several practical examples where existing protocols (namely QuikChange™, Kirsch and Joly as well as Zheng et al.) failed to generate saturation mutagenesis libraries. We discuss them here separately.

Experiments with the *P450*-*bm3* gene {#Sec13}
--------------------------------------

The optimization of P450-BM3 is an intensive field of research in protein engineering as recently reviewed by Tee and Schwaneberg ([@CR39]). To the best of our knowledge, two methods are currently used for the creation of BM3 saturation mutagenesis libraries, namely overlap extension PCR and QuikChange™ (Peters et al. [@CR25]; Arnold and Georgiou [@CR3]; Wong et al. [@CR41]; Li et al. [@CR18]). Overlap extension PCR is a time-consuming protocol that often yields a low number of colonies which is not well suited for the creation of libraries. Moreover, in our hands, applying the standard QuikChange™ protocol to *P450*-*BM3* gene failed in almost all cases (no amplification, insertions or deletions were observed, data not shown). A major problem in applying saturation mutagenesis concerns those cases in which large plasmids are involved. Indeed, P450-*bm*3 was cloned in the vector pETM11, resulting in a large construct of 8474 bp.

For the construction of the F87 library of P450-BM3, our method gave equal or better results than QuikChange™, the Kirsch and Joly method, and the Zheng et al. protocol with respect to both quality (randomization) and quantity (number of colonies). The size of the megaprimer has a considerable impact on the results. In this particular case, the large megaprimer was the most successful for library creation.

The ideal methodology for performing site saturation mutagenesis is the one yielding (1) a uniform statistical distribution of the desired mutations (quality criteria) and (2) a number of colonies sufficient to get 95% coverage of the given library in one step (quantity criteria). Accordingly, our method is one step closer to the ideal site saturation mutagenesis protocol which allowed us to construct two different saturation libraries for P450-BM3, in less time, with the greatest number of transformants and with the highest level of randomization.

Experiments with *P. aeruginosa* lipase A gene {#Sec14}
----------------------------------------------

Different techniques such as overlap extension PCR and/or subcloning of a mutated DNA fragment have been applied to mutate certain residues by saturation mutagenesis or site-directed mutagenesis in *P. aeruginosa* lipase A gene (Liebeton et al. [@CR20]; Reetz et al. [@CR29]; Liebeton et al. [@CR21]; Fuji et al. [@CR11]; Reetz et al. [@CR30]; Reetz et al. [@CR33]). Whole-plasmid PCR, QuikChange™, and other methods have proven to be rapid and highly efficient methods to introduce these mutations directly in the plasmid in only one step. However, these protocols failed when applied to *P. aeruginosa* lipase A constructs, giving very poor yields or no amplification.

It is known that high GC containing templates cause particular problems such as inconsistent amplification or none at all even with the addition of enhancers or the use of different polymerases. Thus, we analyzed the GC content of this template revealing that the region encompassing the *lipA* gene (coding for lipase A) and the *lipH* gene (coding for the foldase) has a GC content of 68% compared to the overall value of 54%. To address this problem, we again applied our method, placing the antiprimer at three positions and with two directionalities, resulting in six megaprimers as described above. In this case, we hypothesize that the megaprimer might aid in the amplification of the GC rich regions by wedging the DNA strands open, thereby facilitating extension.

From the results of our experiments (Fig. [3](#Fig3){ref-type="fig"}, Table [5](#Tab5){ref-type="table"}), it appears that the combination of size and possibly GC content in the megaprimer are responsible for the efficient amplification of the whole plasmid. Although the medium sized megaprimers (clockwise and anticlockwise) amplified fragments of almost identical length, those fragment contained different parts of the template having different GC content. The anticlockwise megaprimer mainly encompasses vector DNA with lower GC content and leads to unsuccessful amplification probably for the same reason as in the other methods, i.e., the polymerase cannot replicate the remaining region (with high GC content). On the other hand, the clockwise megaprimer, which includes the *lipA* and *lipH* genes (with high GC content) as well as part of the vector, yields a successful amplification. This seems to confirm the hypothesis that opening the GC rich region with a large DNA fragment (megaprimer) aids the polymerase in accomplishing the whole plasmid PCR.

The oligonucleotides giving the small sized clockwise megaprimer were positioned in the *lipA* and *lipH* genes. Although the GC content in this region of the plasmid is very high (68%), the megaprimer was successfully amplified; however, it is possible that the size of the megaprimer was insufficient to keep the plasmid open during the second stage of the PCR. The large anticlockwise megaprimer was not properly amplified during the first stage of the PCR (Fig. [4](#Fig4){ref-type="fig"}) where the main product was an indistinct band. Due to the large size of this megaprimer and its orientation, the polymerase is probably facing the same problems that plague the standard methods: a long fragment to amplify, primed from within a region of high GC content.

To summarize, the orientation and the annealing positions of the primers used to amplify the medium size clockwise megaprimer created conditions favorable to the polymerase for amplification of the plasmid. This megaprimer which encompasses a large portion of the high GC area efficiently disrupted this region of the template, facilitating whole plasmid amplification in the second stage of the PCR.

Experiments with *C. antarctica* lipase B and *A. niger* epoxide hydrolase genes {#Sec15}
--------------------------------------------------------------------------------

Our protocol was also applied to templates that could be effectively mutated by the QuikChange™ protocol but where the use of the improved method represents an advantage or is able to overcome some problems derived from the sequence of the template. We illustrate this with two examples: *C. antarctica* lipase B cloned in pETM11 and *A. niger* epoxide hydrolase cloned in pQE60.

The advantage gained in the case of *C. antarctica* lipase B was the achievement of simultaneous randomization at two distant sites in one PCR. With the QuikChange™ method, the same result would have required two PCRs and four mutagenic primers. Therefore, using accessible laboratory materials, our method saves time and costs, representing an alternative to high-priced kits as, e.g., QuikChange™ (Stratagene) Multi-Site Directed Mutagenesis and QuikChange™ XL that depend on special enzyme mixtures and tailor-made solutions.

In the case of *A. niger* epoxide hydrolase, we wanted to perform site-directed mutagenesis in a problematic region of the gene. One of the most limiting features of QuikChange™ relates to the primer design when performing site-directed mutagenesis or saturation mutagenesis in regions containing repetitions or palindromes. In these regions, the formation of primer-dimers is facilitated, frequently leading to multiple insertions of the primer sequence or less often to deletions of one or more nucleotides. Due to the small difference in the size of these erroneously mutated plasmids with respect to the original template, it is very difficult to distinguish and isolate them from the desired mutant by gel electrophoresis, thereby contaminating and decreasing the quality of the library and consequently increasing the screening effort in directed evolution. The fact that QuikChange™ requires the use of complementary forward and reverse primers can make it impossible to overcome the problem of primer-dimers. Because our method uses an antiprimer located outside of the target (palindrome containing) region, we were able to circumvent the problem of primer dimers. Additionally, the flexibility in the choice of the antiprimer allows a sequence matching the *T* ~m~ of the mutagenic primer to be designed, all of which leads to successful amplification of palindromic targets as illustrated by the experiments with *A. niger* epoxide hydrolase (Table [6](#Tab6){ref-type="table"}).

In conclusion, the modified and extended protocol we present offers high applicability and rapidity in performing saturation mutagenesis. It avoids traditional subcloning steps and requires only one randomized oligonucleotide per library plus an antiprimer (non-mutagenic oligonucleotide) which can be used repeatedly in different saturation mutagenesis reactions---in contrast to QuikChange™, which requires two primers per mutation. This antiprimer can be designed in an area that avoids palindromes, hairpins, or overlapping regions with the mutagenic primer. Additionally, as HPLC-purified oligonucleotide primers are highly recommended for generating saturation mutagenesis libraries, the repeated use of one specific antiprimer for each template is very cost effective.

We engaged in this research in order to generate site-saturation mutagenesis libraries in difficult templates that could not be randomized with standard methods. The result of our work is that we have produced a generally applicable protocol where we have methodically defined parameters for number of cycles per stage, antiprimer position, and primer concentration, each of which contribute to the successful outcome of the reaction. Primer location and orientation as enhancers of amplification reaction are a new concept in optimizing this type of PCR, which provide a new option in cases where standard protocols and optimization methods have failed. We anticipate that the method we present here will be of considerable interest to molecular biologists and protein engineers.
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